Accretion on length-scales of interstellar or even intergalactic is particularly relevant, in the context of spherical or quasi-spherical hot mode accretion, supposedly powering low excitation radio galaxies in the maintenance-mode feedback paradigm. In the present study, we aim to analyze such a spherical-type flow around the host active nucleus in the backdrop of a five-component galactic system (SMBH, stellar, dark matter, diffuse hot gas, Λ), with the principal intent to address the issue of galactic potential induced shock formation in the flow, that may contain (dissipative) isothermal standing shocks. The present paper is an extension of Raychaudhuri et al. (2018) , who conducted a preliminary investigation of such a problem. The galactic potential, not only renders the flow to be multi-transonic in nature, the flow topology resembles 'Xα' and 'αX' type trajectories of advective flows in the vicinity of the BHs/compact objects. Quite remarkably, owing to the influence of the galactic potential, the entire range of galactic mass-to-light ratio (ΥB) allows shock formation in central to the outer radial regions of our wind-type flows, with the strength of those galactic induced shocks found to be comparable to that of the shocks one would expect in the advective flows in the vicinity of a BH. We also observe that the shock parameters remain sensitive to ΥB. We discussed the possible implication of these shocks in the context of radio source dynamics as well as their potential association with flaring in radio jets. Our study also reveals that galactic potential can substantially augment the mass inflow rate.
I. INTRODUCTION
Accretion phenomena on length-scales of interstellar or even intergalactic is, perhaps, relevant in quite a number of astrophysical systems (Pittard et al. 2004 ), particularly pertaining to hot mode accretion powering nearby low luminous, low excitation radio galaxies (LERGs) or those reside at the center of the cool-core clusters, in the maintenance-mode feedback paradigm. Ambient hot X-ray emitting gaseous medium acts as a source for fueling the host active nucleus of these massive elliptical galaxies (e.g., Di Matteo Ineson et al. 2015) . A giant spherical or quasi-spherical Bondi-type flow would then likely to prevail up to the central supermassive black holes (SMBHs), with length-scales that may exceed well beyond hundreds of parsecs (pc) to kiloparsecs (kpc) (for details see the introduction in Raychaudhuri et al. 2018 , hereinafter RGJ18). Thus, in reality, apart from the flow being impacted by central SMBH, the flow would also expected to be influenced by the galactic gravitational field. Several evidences have substantiated the idea of this hot mode accretion powering LERGs, prescribing that Bondi-type flow could be able to provide sufficient mass supply rate to reasonably power these low-luminous active galactic nuclei (AGNs), and can fairly account for the observed jet power (e.g., Allen To address this issue, recently, in RGJ18, the present authors conducted a preliminary investigation of such spherical Bondi-type flow 1 by taking into account the effect of entire galactic gravitational potential due to different mass components of the host elliptical galaxy [SMBH, stellar, dark matter (DM), diffuse hot gas] in the presence of the repulsive cosmological constant (Λ) (in the paradigm of ΛCDM model of cosmology; CDM refers to cold dark matter), in the backdrop of a five-component galaxy model (SMBH + stellar + CDM + diffuse hot gas + Λ) in a simple framework. To obtain the galactic potential, the authors followed Mamon & Lokas (2005b; hereinafter ML05b) who modeled the elliptical galaxy as a four mass-component system (see introduction in RGJ18 for more details). The authors investigated the transonic behavior and studied the fluid properties, primarily focusing on adiabatic class of flows. DM distribution has been modeled through a generalized version of (double power-law) NFW (Navarro, Frenk & White 1995 , 1996 type density profile put forwarded by Jing & Suto (2000) , that is being found to render a good fit to simulated DM halos (see RJG18, and references therein). Our analysis in RGJ18 revealed that galactic potential can substantially alter the spherical flow dynamics, with the flow appearing to be multi-transonic in nature. We analyzed global flow topology for a few sample cases and explored the possibility of formation of shocks in the flow. For certain cases, quite remarkably, we found standing (Rankine-Hugoniot-type) shock transitions in the central to outer radial locations of the spherical wind-type flows. It has been pointed out in RGJ18 that if in reality, such galactic potential induced shocks can actually emerge in central to outer regions of realistic outflows and jets, could considerably impact the jet terminal speed, and potentially affect the radio source dynamics. Notably, we also found that the galactic potential has a propensity to augment the mass inflow rate. In this context it is intriguing to note that, in most of the earlier studies that have been conducted with the incorporation of additional physical effects in spherical/quasi-spherical accretion, for instance, magnetohydrodynamic (MHD) effects (e.g., Igumenshchev & Narayan 2002; Igumenshchev 2006) or convective effects (e.g., Igumenshchev & Abramowicz 2000) , or even with the effect of Λ on spherical accretion onto isolated BH (e.g., Mach et al. 2013; Ghosh & Banik 2015) , mass supply rate is found to get suppressed (for more details see section 4 of Narayan & Fabian 2011) .
In essence, our initial study in RGJ18 tentatively suggests that galactic potential can influence the overall dynamics of spherical/quasi-spherical hot mode accretion and consequently the radio-mode (or maintenance-mode) feedback that plausibly operates in these LERGs, however a robust physical understanding of this feedback mode is currently lacking. This then merits for a broader exploration of such effects of galactic potential on spherical/quasi-spherical flow dynamics, particularly emphasizing on the formation of galactic potential induced shocks in the flow. Before venturing on to investigate the influence of galactic potential on more realistic flow dynamics, or considering a more sophisticated galaxy model, it would be tempting to examine whether the findings in our previous study (RGJ18) remain consistent for other classes of flow solutions, and to explore the possible occurrence of other types of shock transitions in the flow. Such a study is expected to throw more light on the dynamics of hot mode accretion, and could be an useful requirement for realistic models of AGN feedback and galaxy evolution.
In the present paper, we extend the previous work of RGJ18 to isothermal class of flows. Isothermal accretion onto BHs have been investigated on numerous occasions in the past, primarily with the motivation of addressing the issue of shock formation in BH accretion and wind (e.g., Chakrabarti 1989a, 1990a; Yang & Kafatos 1995; Foglizzo 2002; Das et al. 2003) . Issue of shocks in the context of BH accretion and wind have been extensively examined in the astrophysical literature by several authors, particularly by Chakrabarti and collaborators (e.g., Chakrabartiintent to explore the issue of galactic potential induced (dissipative) isothermal shocks in spherical flows. We also investigate in detail, how the gravitational potential of the host elliptical would influence the overall dynamics of the flow in comparison to the classical Bondi solution, to check, to what extent our findings in the context of adiabatic flows (in RGJ18) remain consistent for isothermal class of flows. It needs to be mentioned that in RGJ18, we provided a brief introduction to spherical isothermal flows in the context of our galactic system, however, without venturing into any substantive analysis. The original purpose of the present study is to lay the basis for more realistic modeling of accretion and outflow/jet dynamics, and subsequent feedback energetics in the context of these massive galaxies in the present-day Universe. In the following section we briefly describe the hydrodynamical model for isothermal spherical accretion, in our context.
II. HYDRODYNAMICAL SPHERICAL ACCRETION MODEL FOR ISOTHERMAL FLOWS
For an isothermal flow, the equation of state follows a simple linearized relation P = c 2 s ρ, where P , ρ and c s are the pressure, density and sound speed of the accreting fluid, respectively. c s is related to the temperature T of the flow through the expression c 2 s = k B T /µm p , where, k B , m p , and µ = 0.592 are the usual Boltzmann constant, proton mass, and the mean molecular weight for the galactic abundance of Hydrogen and Helium; Hydrogen mass fraction being X = 0.75, respectively. Since we are primarily interested in quasi-stationary, spherical accretion towards the central SMBH, we express all flow variables only as functions of r. Also, as usual, we assume the flow to be inviscid in nature. Throughout in our study, the radial coordinate r is scaled in units of r g = GM BH /c 2 ; M BH is the mass of the central SMBH, G the universal gravitational constant, and c is the speed of light. Also, the radial flow velocity u and the isothermal sound speed c s are scaled in units of c. The basic conservation equations for the inviscid, steady state, spherical accretion are well established in the literature. Here, we simply furnish them for the sake of completeness.
where, |Ṁ | is the Baryon mass accretion rate.
(ii) Radial momentum transfer:
where, Ψ Gal (r) is the net galactic potential; subscript 'Gal' signifies 'galactic'. Following earlier works to study transonic accretion around BH/compact objects (e.g., Chakrabarti 1989a; Chakrabarti 1990a,b; Chakrabarti 1996; Narayan et al. 1997; Mukhopadhyay & Ghosh 2003) , combining Eqns. (1) and (2), we obtain
where, Ψ Gal (r) = F Gal (r) dr; F Gal (r) is the net gravitational force function of the host galaxy. function. Here 'N (u, c s , r)' and 'D (u, c s )' represent the numerator and denominator, respectively, of Eqn. (3). Note that, for an isothermal flow, the flow dynamics can be described solely by Eqn. (3) . To ensure that the flow remains continuous everywhere, if the denominator of Eqn. (3) vanishes at any radial location, the numerator must also vanish at the location. Thus at that particular radius named as 'critical radius', or in our case the 'sonic radius' (r c ), the following identity N = D = 0 should be satisfied; at r c , one then obtains
where u c and c sc are the corresponding radial velocity and sound speed at r c , respectively. To obtain the solution of Eqn. (3), one has to apply l'Hospital's rule to Eqn. (3) at sonic location r c , given by
where, the − sign in Eqn. (5) represents the accretion solution, whereas the + sign represents the wind solution. For an isothermal flow for which the temperature T remains constant throughout the flow regime, given a value of temperature T , or equivalently, if the temperature at the outer accretion boundary radius r out is known, one can determine r c using the relation T ≡ T c ≡ T out = (µm p r c F Gal | rc )/2k B , and consequently u c using Eqn. (4) . Here, T c represents the temperature at the sonic location, T out is the temperature at r out or the ambient temperature. Using the fourth order Runge-kutta method, we then solve Eqn. (3) integrating from r c inwards and outwards. For spherical isothermal flow, the whole problem can thus be resolved, if the temperature T of the flow is solely known (e.g., Das et al. 2003) .
To proceed further, one needs to know the elliptical galaxy potential Ψ Gal (r), or the corresponding force function F Gal (r). Following ML05b, RGJ18 made a detailed formulation of such a galactic potential for a five-component system (see section 2 in RJG18). For the sake of completeness, we briefly comment on our elliptical galaxy model in 'Appendix A', where we mainly focus on relevant galactic and cosmological parameters that are explicitly required for our computation. Readers are advised to see 'Appendix A', before following the rest of the paper.
III. TRANSONIC BEHAVIOR OF SPHERICAL FLOWS
The primary attribute of the classical Bondi solution, described for a spherically symmetric, polytropic 2 accretion flow onto a single point gravitating source, is that, the flow always exhibits uni-transonic behavior. Nonetheless, there are scenarios being reported in the literature that even for spherical accretion onto a central point source, more than one sonic (critical) point can appear in the flow. For instance, Chang & Ostriker (1985) have shown that if some local heating and cooling effects are incorporated, one may obtain more than one critical point in the spherical accretion, where the authors even obtained solutions for standing shocks in the flow. Similarly, Nobili et al. (1991) , while studying spherical accretion onto an isolated BH with the inclusion of detailed radiative processes, found a second critical point in the flow. In fact, , and , have discussed the possibilities of having multiple critical points in spherical accretion.
Our goal here is to examine how the galactic potential affect the transonic behavior of isothermal spherical flow. Transonic behavior of an isothermal flow can be described by T − r c profile, as depicted in Fig. 1 . In RGJ18, we discussed the possibility of the emergence of multi-transonicity in spherical isothermal flows in the presence of galactic potential, as is being revealed in Fig. 1 . The nature of the profiles reflect that depending on the value of galactic mass-to-light ratio Υ B , for a certain range of T , say from some T min to T max , not only multi-transonicity emerges in the fluid flow for the entire range of Υ B , for relatively higher values of Υ B (Υ B > 200 for NFW DM case; Υ B > 240 for JS-3/2 DM case), even five sonic points appear in the flow for a certain range in the temperature (see Fig. 1b ). This is different from the scenario for adiabatic case where such five sonic points do not emerge in the flow. For clarity, we have depicted representative lines of constant temperatures (short dotted-dashed lines) corresponding to three sonic point case in Fig. 1a , and corresponding to five sonic case in Fig. 1b , respectively. Note that, the sonic points associated with negative slopes of the curves are referred to as the 'saddle-type' (or 'X-type') sonic points, while in between X-type sonic points, one associated with positive slope of the curves is referred to as 'center-type' (or 'O-type') sonic point. In figures 1a,b, we also marked T min ; as an example, in Fig. 1a we show it corresponding to cases Υ B = 150 with NFW profile, and Υ = 14, represented by the lower horizontal double-dashed line of constant T ≡ T min ≃ 1.225 × 10 6 K, and in Fig. 1b we show it corresponding to cases Υ B ≡ (250, 300, 390) with NFW DM profile, again represented by lower horizontal double-dashed line of constant T ≡ T min ≃ 1.235 × 10 6 K. In general, corresponding values of T min are different for different choices of Υ B and corresponding DM profiles. For T less than the corresponding values of T min , the flow is devoid of any inner sonic point. Similarly, note that corresponding values of T max are also different for different values of Υ B and DM profiles. Figure 1 also reveals that with the enhancement in the value of Υ B outer X-type sonic location shift outwards, while the inner X-type sonic point almost remains unaltered (see Fig. 1 ).
Here it needs to be pointed out that for accretion onto a single point compact gravitating source, a similar nature of multi-transonicity could appear in an (advective flow) close to the BH/compact object, if the flow has sufficiently large angular momentum (λ) which can provide the requisite centrifugal barrier close to the central object (e.g., barrier to the flow in the central to outer radial regions where it dominates (see RJG18 for more details). The emergence of multi-transonicity in the fluid flow signifies the possibility of occurrence of shocks in the flow. Here, it is worth mentioning that, while in the usual advective isothermal flows the global parameter space is described by λ, T , in the presence of galactic potential, our global parameter space for isothermal flows is described by Υ B , T . In one of the later figures while dealing with the issue of shocks, we show the parameter space region for multi-transonic accretion and wind.
In the next section, we investigate in details the flow topology and examine the issue of shock formation in the context of our spherical flow. Before proceeding to the next section, we briefly furnish the expressions relating to shocks and allied quantities.
A. Basic shock quantities
In the context of accretion related phenomena, most of the studies related to the issue of shocks have been predominantly focused on non-dissipative Rankine-Hugoniot type shocks, in which case the energy of the flow across the shock remains uniform, while the temperature of the flow changes perpetually at the shock. Nonetheless, here we would like to direct our attention on another class of shocks, in which case the temperature distribution remains uniform across the shock but the flow is allowed to dissipate energy at the shock; importance of such isothermal shocks has been discussed previously in section I. The necessary conservation conditions at the shock location (r sck ) are then given by 
and
where subscripts '−' and '+' defines the pre-shock and post-shock quantities. Using Eqns. (6-7) and equation of state at isothermal shock location, one can finally arrive at the shock invariant quantity, given by (see Chakrabarti 1989a,b)
where M = u/c s is the Mach number of the flow. In order to have shocks in the flow, it is required to satisfy the relations from Eqns. (6-8) simultaneously. Isothermal shocks can occur in an accretion flow if the accreting matter has a possibility to jump from outer to the inner sonic point branch, provided that the accretion solution traversing through the inner X-type sonic point (denoted by say r I ) has lower energy content as compared to that for the solution through outer X-type sonic point (denoted by say r O ); here subscripts 'I' and 'O' are for inner and outer sonic points, respectively (see Fig. 1a ). Conversely, for wind shocks, matter has to jump from the inner to the outer sonic point branch, with the energy content of the wind solution at r O should be lower than that at r I (e.g., Abramowicz & Chakrabarti 1990 ; Das et al. 2003 ). Specific energy of the flow can be obtained by integrating Eqn. (2), given by
The energy difference between r I and r O is then given by
For accretion shocks δE should be positive, whereas for wind shocks δE should be negative. As we noted, that for isothermal shocks, energy is required to be dissipated at the shock location. In terms of pre-shock quantities, the energy dissipation at the shock then amounts to (e.g., Chakrabarti 1989a)
where, in the context of isothermal shocks, ∆E should be positive at the shock location.
IV. FLOW TOPOLOGY
T − r c profiles in Fig. 1 indicate that flow would likely to have a complex topology. The flow topology can be described through the radial distribution of the Mach number M . We extensively analyze the global parameter space spanned by Υ B , T , which reveals that four distinct types of flow topologies are possible pertaining to our spherical flow. For T greater than some T max (see Fig. 1 ), and second paragraph of the previous section), the flow exhibits uni-transonic behavior, where the inner X-type sonic point only provides the possible physical path for the flow to make a sonic transition, resembling the scenario of classical Bondi case. To exemplify, we show the corresponding flow topology in Fig. 2 for various values of Υ B corresponding to a typical choice of T ∼ 6.5 × 10 6 K, for few sample cases. Figure 3 depicts the percentage deviation of accretion and wind velocities associated with our five-component case from that of the classical Bondi case as a function of radius r, represented by quantity ξ = Q Gal −QBH QBH × 100; Q Gal corresponds to any relevant physical quantity for the five-component galaxy, while, Q BH denotes the identical physical quantity for the classical Bondi case. The figure reveals that galactic potential can substantially enhance the accretion flow velocity in the central to outer radial regions, with the accretion velocity can increase by several 100 percent at r 10 8 r g . This indicates that, to have a spherical/quasi-spherical accretion flow onto central SMBHs originating , while the long-dashed (blue online), dotted (cyan online) and short dotted-dashed (pink online) curves are for ΥB ≡ (100, 390, 33) with JS-3/2 DM profile, respectively, and short dashed (green online), long dotted-dashed (brown online) are for ΥB ≡ (100, 390) with NFW DM profiles, respectively. Double dashed (golden online) lines are to represent the case for ΥB = 14 for no dark matter case. The corresponding typical value of temperature we choose to generate the profiles is T ∼ 6.5 × 10 6 K. from beyond the Bondi radius in the presence of the galactic potential, outer boundary value for radial velocity has to be considerably higher, implying that the galactic potential may considerably influence the outer boundary conditions of the accretion flow. Nonetheless, wind velocity do not show much deviation from that of classical Bondi case. Moreover, contrary to the case for accretion velocity, galactic potential reduces the wind velocity except for the region where Λ dominates. Figure 3 also shows that for higher values of Υ B , galactic potential has a greater effect on accretion and wind solutions. We also found from our analysis that the quantity ξ decreases, with the increase in T . Temperature range for 'X-α' and 'α-X' topologies. With the decrease in the temperature as T T max , we enter into the domain of multi-transonicity (see Fig. 1 ). Initially, for higher values of T in the parameter space of multi-transonicity, the flow topology is 'X −α' type. However as the temperature T is further decreased (within the multi-transonic parameter regime), the flow topology changes from 'X − α' to 'α − X' type. With even further decrease in the temperature, as T T min (see Fig. 1 ), one eventually leaves the multi-transonic domain, where again the flow exhibits uni-transonic behavior. We elucidate the nature of these flow topologies as we proceed through this section. For clarity, in Table 1 , we depict the range in the values of temperature (T ) for 'X − α' and 'α − X' topologies, corresponding to few Υ B values in the range ≃ (14 − 390).
A. Solutions containing shocks
Shocks are only possible in the multi-transonic domain comprising of at least three sonic points in the flow; inner and outer saddle-type (or 'X-type') sonic points, and in between, center-type (or 'O-type') sonic point. To begin with we concentrate on 'X − α' type topology. In figures 4 and 5, we depict the radial distribution of the Mach number (representing global flow topologies) for few sample cases, for the range of Υ B ≃ (14 − 390). Let us focus on any of the figures having three sonic points [panel (a-f) in Fig. 4 or Fig. 5 ]. For three sonic points scenario, inner and outer sonic points are two locations (marked by 'I' and 'O' in Fig. 4a ) through which physical flow is possible, whereas, through the middle one i.e., the O-Type sonic point (marked by 'C' in Fig. 4a ), physical flow is not possible. It is being clearly seen from these figures that the inner sonic flow topology represents 'X' type, whereas through the outer sonic point, the flow topology represents 'α' type, and hence one refers to them as 'X − α' topology (for more details see e.g., Abramowicz & Chakrabarti 1990 ). As mentioned previously, for relatively higher values of Υ B (Υ B > 200 for NFW case; Υ B > 240 for JS-3/2 case) even five sonic points could also be obtained in the flow (see §III). To exemplify, in figures 4g and 4h, we have depicted sample cases for five sonic points for two different types of flow topologies corresponding to Υ B = 390; one representing for JS-3/2 DM profile (Fig. 4g) , the other representing for NFW DM case (Fig. 4h) . Here it needs to be pointed out that for five sonic points scenario, corresponding to both JS-3/2 and NFW profiles, one obtains both types of flow topologies as shown in the figures 4g and 4h. The kind of flow topology as represented in Fig. 4h is obtained at a lower range of temperature, whereas, the kind of flow topology as represented in Fig. 4g is obtained at a relatively higher range of temperature. In the same spirit as of the other figures 4(a-f), with respect to the innermost and outermost sonic points, one can associate figures 4(g-h) with X − α type topology.
Although 'X −α' type profile is unlikely to generate a shock in accretion branch (see e.g., Abramowicz & Chakrabarti 1990), nonetheless, it can participate in the possible generation of shocks in wind flow branch, which we are more interested in. We examine the formation of shocks in the flow by checking the isothermal shock conditions (as stated in section III A) at each radial location throughout the flow spanning the entire multi-transonic parameter space, following the similar numerical technique adopted by earlier authors (e.g. In all the figures solid (red online) curves represent the accretion/wind flow solutions through the inner 'X-type' sonic point, while the long-dashed (blue online) curves represent the corresponding solutions through the outer 'X-type' sonic point. In figures 4g,h (for five sonic point case), the corresponding solutions through the middle 'X-type' sonic point are represented by short-dashed (green online) curves. In all the figures, horizontal dotted line corresponds to M = 1. For clarity, as an example, inner and outer 'X-type' sonic points are marked by 'I' and 'O' in Fig. 4a , respectively, while the center-type sonic point by 'C'. The vertical lines marked by arrowheads in all the figures designate the shock transitions in the respective wind solutions. Note that, among the two isothermal shock transitions, only the outer shock transition is stable. The corresponding typical choice of temperature for which the profile is generated is given in the respective figure. Here too, note that, among the two isothermal shock transitions, only the outer shock transition is stable. inner X-type sonic point, after which the flow encounters a shock and jumps along the vertical arrowhead lines, eventually traversing outwards through the outer X-type sonic point, with a negative value of δE between r O and r I . Note that for five sonic point case, the flow topology depicted in Fig. 4g is unlikely to permit any shock transitions in wind solutions.
Resembling the earlier studies in the context of isothermal shocks (e.g., Chakrabarti 1989a; Yang & Kafatos 1995; Das et al. 2003) , here too, our analysis yields two real physical shock locations, represented by two vertical arrowhead lines in the stated figures; one shock location (inner shock) between inner X-type and center-type sonic points, other (outer shock) between center-type and outer X-type sonic point. A pertinent question can then arise as to which of these shocks is stable. Chakrabarti (1989a) figure out which of these shocks is stable. Figure 6 reveals that r sck follows a pattern in Υ B , T parameter space. For a fixed choice of Υ B , with the increase of T , r sck moves inward. On the other hand, if T remains fixed, with the increase in the value of Υ B , possible shock locations tend to shift outwards. For clarity, a representative line of constant T = 2.8 × 10 6 K is marked (horizontal double-dashed lines in both the panels in Fig. 6 ), to highlight this particular trend of r sck . Moreover, the figure also reveals that with the increase in the value of Υ B , one can obtain possible shocks in the flow at a (relatively) higher temperature range, however for a wider range of r, or in other words, shocks can form over a wider radial domain.
In Fig. 7 , we depict the actual shock parameter space spanned by Υ B , T , in the context of our wind-type flows. In the figure, we use the (outer) solid line boundary to represent the entire domain of multi-transonicity extending from three sonic points case to five sonic points case comprising of parameter space representing both 'X − α' and 'α − X' topologies. As stated earlier, it is seen that isothermal shocks can occur in spherical wind-type flows for the entire range of Υ B ≃ (14 − 390) considered here, corresponding to both NFW and JS-3/2 DM profiles. It is to be noted that shock parameter space depicted in Fig. 7 dwells within the multi-transonic parameter space region that corresponds to only 'X − α' type flow topologies.
In Fig. 8 , we plot the variation of the strength of shock (which is measured by the pre-shock to post-shock Mach number ratio), as a function of Υ B and T corresponding to shock parameter space described in Fig. 7 . It is to be noted that for isothermal shocks considered here, shock strength is exactly equivalent to the shock compression ratio (e.g., Das et al. 2003) . It is seen from the figure that the shock strength increases with the increase in both T , as well as Υ B . More interestingly, the strength of the galactic induced shocks that occur in our wind-type flows in the central Figures 10a,c ,e correspond to ΥB ≡ (33, 100, 390), respectively, generated for JS-3/2 DM profile. Figures  10b,d ,f resemble figures 10a,c,e, but generated for NFW DM profile. In the respective figures, we have shown the typical values of temperature (T ) to generate our profiles. In all the figures long-dashed (blue online) curves represent the accretion and wind flow solutions through the outer 'X-type' sonic point, while the solid (red online) curves represent the corresponding solutions through the inner 'X-type' sonic point. Horizontal dotted line in all the figures is for M = 1. Note that, here we do not obtain any isothermal shock transitions.
to outer radial locations, are found to be comparable to that of the shocks in the advective flows obtained in the vicinity of the BH; NFW DM profile yields somewhat higher shock strength, even of magnitude > 10 for some region of parameter space. Isothermal shock transitions are characterized by dissipation of energy at the shock location. In Fig. 9 , we show the variation of the amount of energy dissipated ∆E for galactic induced shocks as a function of T and Υ B , corresponding to shock parameter space described in Fig. 7 . The figure clearly shows that resembling the scenario in Fig. 8 , here too, ∆E increases with the increase in T as well as Υ B , implying that more the strength of the shock (i.e., stronger the shock), greater amount of energy would then be dissipated at the shock location.
It is worthy to note that the shock quantities, such as shock location, shock strength and energy dissipated at the shock, correlate well with galactic mass-to-light ratio Υ B ; with the increase in Υ B , not only the shock position r rck shift outwards, but also both the shock strength and ∆E get enhanced. This is owing to the fact that with the increase in galactic mass-to-light ratio, the centrifugal potential barrier moves further outwards, as well the strength of the galactic gravitational field gets augmented, and more amount of gravitational potential energy would then be available to get released at the shock location. Our analysis reveal that shock strength and ∆E can increase both in the radially outward and inward directions, depending upon Υ B and T , respectively. This is unlike the scenario in case of the shocks in advective flows in the vicinity of BH/central object, where these quantities are found to increase only in the inward direction as one moves closer to the central object (e.g., Chakrabarti 1989a; Das et al. 2003 , although studied in the context of accretion shocks).
B. Solutions without shocks
In the previous subsection we concentrate on the multi-transonic parameter space regime representing 'X − α' type topology, where one have the possibilities to obtain shocks in the wind-type flow. With the decrease in the flow temperature (within the domain of multi-transonicity), the flow topology changes from 'X − α' to 'α − X' type (see the transition temperature values in Table 1 ). In Fig. 10 , we depict the radial distribution of the Mach number for a few sample cases, representing 'α − X' topologies. It is being clearly seen from the figure that the outer sonic flow topology represents 'X' type through which the flow connects infinity and the BH event horizon, whereas the flow topology through the inner sonic point represents 'α' type (see e.g., Abramowicz & Chakrabarti 1990 ). Here the 'α' type topology implies that although the wind flow begins its journey traversing through the inner X-type sonic point, the matter eventually does not find any possible physical path to proceed further outwards, following the accretion branch it then enters the BH horizon. Although, 'α − X' type profile is unlikely to participate in the possible generation of shocks in the wind solution, they are more likely to generate a shock in the accretion flow branch. Nonetheless, in our case, we do not obtain any isothermal shocks in accretion branch. Note that in adiabatic case, no such 'α − X' type flow topology appears in the corresponding spherical flow (RGJ18).
Finally, if one decreases the temperature further more as T T min , multi-transonic nature of the flow disappears and the flow displays uni-transonic behavior. However, unlike the other uni-transonic regime, where the inner 'X- Note that corresponding to each specific case of ΥB (given in column 1), in column 2 the upper temperature value represents that value of temperature which is near to the corresponding X − α to α − X transition temperature, whereas the lower temperature value represents that value of temperature which is near to the corresponding 'lower limit temperature' for α − X topology (Tmin) (for clarity see Table 1 ). Note that for T Tmin, the flow topology changes from α − X to that illustrated in Fig. 11 .
type' sonic point only provides the possible physical path for the flow to make a sonic transition, in this case, it is the outer 'X-type' sonic point that provides the only possible physical path for the flow to make a sonic transition. The corresponding flow topology is shown in Fig. 11 , for a few sample cases.
It is evident from the Mach number profiles in Fig. 10 , that in the context of 'α − X' topology, any accretion flow that begins subsonically whose outer accretion boundary radius (or ambient radius r out ) lies outside the 'α' loop and within the outer X-type sonic point (r O ), the flow would not be able to make any sonic transition to make its way onto the central BH. This then implies that, corresponding to those temperatures for which the flow topology represents 'α − X' type, there is some sort of 'forbidden radial region' in the ambient medium, from within which no physically realistic Bondi-type accretion could possibly be triggered. To comprehend about the radial extent of this 'forbidden region', in Table 2 , corresponding to a few temperature values, we present the radial range of this 'forbidden region' for few Υ B values in the range ≃ (14 − 390). It is seen from Table 2 , that with the decrease in the temperature, the radial extent of this 'forbidden region' gets augmented. A similar scenario also arises for the case illustrated in Fig.  11 , however, there the 'forbidden region' corresponds to the entire radial region inside the outer X-type sonic point.
V. MASS INFLOW RATE
Bondi mass inflow rate is quite a relevant quantity in the context of LERGs powered by hot mode accretion. Even though a pure spherical Bondi-type accretion may seem to be far from reality, however, in the context of massive ellipticals, Bondi prescription is typically adopted to estimate the requisite mass supply rate onto their host active nucleus (at least in the first approximation), and could be quite useful to quantitatively model the radio-mode (or maintenance-mode) feedback (see section I and references therein). In fact, earlier investigations show that in these LERGs, Bondi accretion rate is tightly correlated with jet kinetic power (e. , and references therein). As noted in section I, many previous studies have shown that there may be plausible scenarios, when mass inflow rate can be suppressed. In this context, it is worthy to note that in RGJ18, the authors interestingly found that owing to the impact of galactic gravitational potential, Bondi mass inflow rate tends to get augmented for as a function of ambient temperature Tout for different outer accretion boundary radius rout, for few sample cases. In figures 12a,b the profiles are generated with rout ≃ (10 7 rg, 10 8 rg), respectively, approximately resembling an accretion from hot ISM at the center of a galaxy; whereas in Fig. 12c the profiles are generated with rout ≃ 6 × 10 10 rg corresponding to the flows from ICM/IGM. In all the figures solid (red online), long-dashed (blue online), short-dashed (green online correspond to ΥB ≡ (33, 100, 390) for JS-3/2 DM profile. For comparison, in Figures 12a,c we show the corresponding profiles for NFW DM case for ΥB = 100 [long dotted-dashed (brown online)], and ΥB = 390 [short dotted-dashed (pink online)]. Note that in Fig. 12a , long dotted-dashed and short dotted-dashed overlaps.
adiabatic class of flows. Before embarking on to investigate such effect of galactic potential on more realistic accretion scenario, it would be tempting to examine whether such an influence of galactic potential on mass inflow rate remains consistent for other class of polytropic flows. Here, we investigate such an effect for our isothermal case of present interest. In the steady state, in terms of transonic variables, one can define Bondi mass inflow rate (Ṁ B ), which follows
For isothermal flows pertaining to our five-component galaxy model, using Eqn. (9), one can evaluate ρ c (which is the density at r c ) in terms of ρ out (which is the density of the ambient medium), given by
where u out is the velocity at outer accretion boundary radius (or ambient radius) r out . Using Eqns. (4) and (13), one can then expressṀ B through the following relation
For classical Bondi accretion onto a non-rotating BH in the Paczyński & Witta (1980) Pseudo-Newtonian regime, corresponding Bondi accretion rate is given by
where, r c [in Eqn. (15)] corresponds to the classical Bondi case. Figure 12 reveals that owing to the effect of galactic potential there is a substantial increase in the Bondi mass inflow rate, even, with orders of magnitude higher relative to the classical Bondi scenario. Figure 12 also reveals that for elliptical galaxies with higher galactic mass-to-light ratios, as well as for flows having larger accretion outer boundary radius (or larger ambient radius), there is a greater enhancement of mass inflow rate. Such augmentation of Bondi accretion rate may have interesting ramifications in the context of mass supply rate required to power the host nucleus of these massive ellipticals. We briefly comment on this aspect in the next section. It is to be noted that in figures 12a,b, curves get truncated corresponding to certain values of T (say T tr ). The truncation of these curves imply that, those values of temperature T that are less than T tr are associated with the 'forbidden region' (see section IV B), from where Bondi accretion is unlikely to be triggered. This is unlike the scenario for classical Bondi case, where such 'forbidden region' does not appear.
VI. DISCUSSION AND CONCLUDING REMARKS
The principal purpose of the present paper is to comprehensively examine the issue of galactic potential induced shock formation in spherical/quasi-spherical Bondi-type flows in the context of low excitation of radio galaxies, the more appealing, (dissipative) isothermal standing shocks. In this context, we extended the previous work of RJG18 to isothermal spherical flows, and also to check whether the findings in our previous study (RGJ18) remain consistent for other class of polytropic flows, like isothermal flows. Here one should note that, in the context of accretion related phenomena most of the studies related to issue of shocks predominantly revolves around (dissipationless) RankineHugoniot type shocks for adiabatic class of flows, unlike that for dissipative shocks in isothermal flows. This, perhaps, could be owing to fact that the global isothermality in the flow is hard to preserve. Nonetheless, one should remember that for Rankine-Hugoniot type shock scenarios, the flow structure changes abruptly at the shock, and it is virtually impossible to furnish the accurate pressure balance condition at the shock location 3 . On the contrary, for isothermal flows with dissipative shocks, the regular flow structure is maintained through the shock, and one can obtain a correct pressure balance condition at the shock location. Moreover, it has been pointed out that isothermal shocks provide the most effective mechanism to release energy from the flow. A critical analysis of isothermal flows, particularly in the context of dissipative shocks, thus, has considerable relevance in the present context.
Our present study demonstrates that owing to the influence of galactic potential of the host elliptical, the flow topology gets significantly altered from that of the classical Bondi solution. In the global parameter space spanned by Υ B , T , four distinct types of topologies emerge in the context of our spherical flow: in the uni-transonic regime, the flow topologies are of 'X' types as illustrated in in figures 2 and 11; in the multi-transonic parameter space domain, the corresponding flow topologies represent 'X − α' and 'α − X' types (figures 4-5, Fig. 10 ). This in fact is quite intriguing, in the sense, that such appearances of 'X − α' or 'α − X' topologies precisely resemble the scenario in advective flows in the vicinity of BHs/compact objects. It then seems that the galactic potential (represented uniquely through the parameter Υ B ) plays an equivalent role in the central to the outer radial regions of our spherical flow, as that of the angular momentum λ in the inner regions of the advective flow. Although in our study we do not found shocks in the accretion flow branch, however, on account of the impact of galactic potential, quite remarkably, standing isothermal shocks do emerge in the central to the outer radial locations of spherical wind-type flows for the entire range of Υ B , corresponding to both NFW and JS-3/2 DM profiles (i.e., in both the limits of inner slope γ). Out of the two real physical shock locations we obtained, only the outer shock in the wind-type flow is found to be stable. More notably, the strength of galactic induced shocks in wind flows are found to be comparable to that of the shocks one would obtain in the advective flows in the vicinity of the BH, even of magnitude 10 for some region of parameter space (Fig. 8) . Furthermore, our analysis reveals that shock parameters remain sensitive to Υ B ; with the increase in Υ B , not only the shock location move further outwards, but also both shock strength and the amount of energy dissipated at the shock get enhanced.
Such occurrence of galactic potential induced shocks in spherical 'wind-type' flows may have interesting ramifications, in the context of realistic outflows and jets. Without going into the detailed model(s) on formation, structure and evolution of realistic outflows/jets, in a simplistic approximation, one can envisage spherical wind-type flow as some form of spherical outflow of matter. In realistic outflows and jets, various features such as hot spots, knots and flaring are believed to be associated with the shocks in the flow. The conventional picture of shock formation in astrophysical outflows/jets usually rests on two plausible scenarios: (i) internal shocks, and (ii) shocks arising via the mediation of the external ambient medium at a relatively large distance from the central object. Radio-emitting jets in AGNs appear in a variety of length and terminal speeds which one usually relates to the impact of ambient medium on jet flow (see Vyas & Chattopadhyay 2017 and references therein). In fact, it is being commonly perceived that one of the major factors for which the observed morphological dichotomy (Fanaroff-Riley dichotomy) arises in the radio sources is owing to the influence of the external environmental medium on the jet structure, and nearly all of the studies in the context of the radio source dynamics are primarily based on this interaction of the radio sources with the external medium (e.g., Turner & Shabala 2015) . In this context, one can raise a very crucial question: whether, resembling the scenario in spherical 'wind-type' flows, could galactic induced shocks occur in realistic outflows and jets? Such mode of shock formation (if indeed possible) would have two major attributes: (i) they would more likely to occur in central to the outer region of the flow, and (ii) they could cause sudden deceleration of jet, substantially affecting the jet terminal speed. This is unlike the scenario for other categories of shocks, for instance, internal shocks, arising due to the effect of the geometrical parameters of the flow (e.g., Vyas & Chattopadhyay 2017; Ferrari et al. 1985) . Such galactic potential induced shocks (if possible) could then considerably affect the radio source dynamics, and could be envisaged as a potential factor that might contribute to the observed dichotomy in the radio sources. Although, here one can only make a speculative guess, and whether such a scenario could be feasible in practice is hard to predict at the current juncture. At the least, it would be worthy to consider a simple jet flow model as being adopted in the previous works of Vyas & Chattopadhyay (2017) or Ferrari et al. (1985) , and examine the possibilities of the formation of galactic induced shocks in such jet-type flows. Such a task, although is beyond the scope of this study, and shall be undertaken in the near future.
Isothermal shock transitions are characterized by the dissipation of energy at the shock location. Although our analysis reveals that the amount of energy dissipated at the shock is a small fraction of the total rest mass energy of the flow [maximum being of the order of ∼ 10 −3 % for some region of parameter space ( Fig. 9) ], however, this may not be inconsequential in the context of outflows/jets. We show this roughly for a typical case of M87 jet, as an example: Here, for our purpose, we simply presume for the time being that the amount of specific energy dissipated at the shock (∆E ) in the context of our wind-type flow, is roughly of the similar magnitude one would expect if such isothermal shocks occur in realistic outflows and jets, which may not be a completely unreasonable approximation. IfṀ j is the mass outflow rate or the mass loss rate into the jet, then one can roughly say that the amount of power associated with this dissipation is ≈Ṁ j ∆E . For M87, which is a nearby giant elliptical galaxy, we do have reliable estimate of total jet kinetic power whose magnitude is ≈ 10 44 ergs s −1 (e.g., Bicknell & Begelman 1996; Forman et al. 2005 ). However the core radio luminosity is inferred to be ≈ 10 39.8 ergs s −1 (e.g., Heinz & Grimm 2005) . We consider the estimated mass of the central SMBH to be M BH ≈ 3.5 × 10 9 M ⊙ (Walsh et al. 2013) . Here, it is to be noted that it is actually via subsonic "cooling flows" that the surrounding gas slowly and subsonically accretes to the center of these massive ellipticals eventually feeding the host SMBHs through hot mode accretion, and the mass inflow rate (Ṁ ) is often inferred to get diminished with decreasing radius (e.g., Fabian et al. 1982; Stewart et al. 1984; Quataert & Narayan 2000) . Again, it is important to note that the galactic potential may have strong impact on mass supply rate (e.g., Quataert & Narayan 2000; RGJ18; the present paper), and which may substantially change the conventional picture. For a simple logarithmic galactic potential adopted in the study of Quataert & Narayan (2000) , for M87,Ṁ has been inferred to decrease from ∼ 1 M ⊙ yr −1 at a few kiloparsecs to ∼ 0.3 M ⊙ yr −1 on scales 300 parsecs where it roughly remains constant. Following Quataert & Narayan (2000) , and for an outflow efficiency of ∼ 10 % [e.g., Churazov et al. 2005 ; Ghosh & Bhattacharya 2019 (submitted)], one can make a rough estimate of the power associated with these shocks. For ∆E in the range of ≈ (10 −3 − 10 −4 ) % (see Fig. 9 ), this yields a value of ≈ 1.8 × (10 40 − 10 39 ) ergs s −1 for M87. Quite interestingly, this range of the value is roughly the same order of magnitude as the core radio power, and this dissipated energy could be potentially released as a flare from the flow. Even if one avoids all the uncertainties to estimate ∆E in the context of M87 jets, ∆E is not expected to be less than ≈ (10 39 − 10 38 ) ergs s −1 , and which does not seems to be inconsequential. Nonetheless, the plausible scenario we discussed here, might be an oversimplification of the real situation, and whether such shocks (even if possible) could actually be associated with flaring in outflows/jets is hard to predict at this point.
One of the notable contributions of the galactic potential is to enhance the mass inflow rate. While it is being widely held that Bondi-type accretion could provide requisite mass supply rate to power low-luminous or low-excitation galactic nuclei, where in fact, a tight correlation is being observed between estimated Bondi accretion rate and jet kinetic power in many massive ellipticals (e.g., Allen at al. 2006; Nemmen et al. 2007; Fujita et al. 2016 ), few authors have however argued that that this may not be sufficient enough to fuel more powerful and luminous radio sources (e.g., Rafferty et al. 2006; Russell et al. 2013 ). On the other hand, Narayan & Fabian (2011) had discussed plausible scenarios, for instance, if one incorporates more realistic effects like convection, magnetohydrodynamic (MHD) effects, or thermal conduction, mass supply rate in the context of spherical/quasi-spherical accretion may get considerably suppressed (also see section 1 in this context). In fact, as a consequence of MHD effects, mass accretion rate may get reduced by orders of magnitude, even in the case of a spherical Bondi flow (e.g., Igumenshchev & Narayan 2002; Igumenshchev 2006 ). This may then raise a relevant question as to whether hot mode accretion could indeed power these massive galaxies, or whether one should invoke alternative fueling mechanisms (e.g., Pizzolato Narayan & Fabian (2011) have pointed out that if such suppression of mass accretion rate occurs in actually reality, it would be then quite baffling as how the observed jet power could then track the estimated Bondi rate. Here, it should be noted that most of the studies in the context of hot mode accretion (including the above mentioned references) are primarily based on accretion flow towards an isolated point source of gravitation, without considering any effect of galactic gravitational field. However, as our findings indicate, that if one incorporates the effect of galactic gravitational field in the flow, this could considerably enhance the mass supply rate, and could then potentially counteract the plausible suppressive effects. Nonetheless, whether such effect of galactic gravitational field could indeed provide enough fuel enabling hot mode accretion to power these galaxies, requires further investigations; a particularly interesting case would be to conduct numerical/analytical studies of such spherical-type flow by incorporating the MHD effects in the context of our five-component galactic system. Another interesting consequence of this enhancement of mass accretion rate, is that, the radiative cooling might then become important in the spherical Bondi-type flow. It would be then interesting to include radiative losses in the flow (see e.g., Mathews & Guo 2012), or incorporate some simple radiative transfer scheme, for instance, as being used by Chakrabarti & Sahu (1997) , to check how the radiative cooling would impact the dynamics of spherical accretion. Such a study would be pursued somewhere else in the future.
The present study suggests that the effect of galactic potential on different classes of polytropic flows, remains largely consistent. More importantly, our analysis indicates that galactic potential induced shocks may be quite common, in spherical wind-type flows. It would then be tempting to explore the possibilities of galactic induced shock transitions in other types of outflow geometries, to check whether such mode of shock formation is generic in nature.
In the present analysis, we followed the DM model adopted in RGJ18, nonetheless, a number of other DM models are also available in literature (see Merritt , and in the forseeable future we would wish to examine the behavior of such spherical/quasi-spherical flows in presence of them, particularly emphasizing on the aspect of shock formation. Also note that, following Mamon & Lokas (2005b), we have described the surrounding X-ray emitting gaseous distribution approximately through the standard β-profile. Although the overall structure of the hot X-ray emitting gas in isolated ellipticals, groups and clusters can be reasonably well described by the β-model which provides an overall good representation of the X-ray observations, and has been traditionally used in the literature, however, for better representation of observed X-ray surface brightness, particularly with respect to center of cool-cores, few authors have introduced empirical models such as double β-model (e.g., Mohr et al. 1999) or modified β-model (Vikhlinin et al. 2006 ). It would be interesting to examine whether the main findings of our work remain consistent for more realistic models of gas distribution. Finally, one should incorporate the effect of galactic potential in more realistic modeling of accretion and outflow/jet dynamics, to check whether it would yield similar effects, as being found for spherical flows.
to examine the possible dependence of shock related quantities on this galactic parameter. For different choices of Υ B , one can asses f b . For 100 Υ B 390, following ML05b and RGJ18, one can consider f b = f b ≃ 0.14, where f b is the 'mean baryon mass fraction of the Universe'. For Υ B ≃ 33, again, following the similar authors, we estimate f b ≃ 0.4243. Note that for Υ B ≃ 14 with no DM case, f b ≃ 1. Using these values of f b , one then can quantify F Gal for different choices of Υ B , required for our numerical computation.
